Structural health monitoring (SHM) technology may be applied to composite bonded repairs to enable the continuous through-life assessment of the repair efficacy. This paper describes an SHM technique for the detection of debonding in composite bonded patches using fibre optic Bragg grating strain sensors. A two sided doubler repair is examined in this paper. A finite element study was conducted which showed that the strain in the debonded region changed significantly compared to the undamaged state. A differential strain approach was used to facilitate the detection of debonds, where two sensors were strategically positioned so that their strain differential increased with the disbond length. With the use of matching gratings, this technique greatly reduces the interrogation equipment requirement by converting spectral information into an intensity-modulated signal, thus allowing a threshold value to be set to indicate imminent critical repair failure. An experimental investigation was conducted, using carbon/epoxy patches to carbon/epoxy substrates, to validate the theoretically predicted results. The experimental measurements agreed well with the numerical findings, indicating that the proposed scheme has great potential as a simple monitoring technique for composite bonded repairs.
INTRODUCTION
Bonded composite patches are often used as an economical repair strategy to restore the strength of heavily loaded aerospace structures after non-catastrophic damage. Significant cost savings may be realised over component replacement 1 . However, due to the uncertainty of long-term adhesive performance and the inability to continuously assess the repair condition, current design practices are inherently highly conservative. In fact, the present requirement for bonded repairs stipulates that the structure in the repair zone must have an acceptable residual strength that is typically 1.2 times the design limit load -in the absence of the repair 2 . This places severe restrictions on the application of bonded composite repairs, allowing them only to be used to restore the residual strength of a structure, rather than its operational strength. Where the residual strength is completely lost due to damage, the structure cannot be certifiably repaired, however technically feasible this may be.
The advent of structural heath monitoring technology brings new opportunities for composite bonded repairs. With the ability to monitor the condition of the repair in real-time, uncertainties are reduced and the repair may be relied upon with more certainty to provide strength recovery of the parent structure. Should the repair degrade beyond an acceptable level, the operator can be given warning so that appropriate actions may be taken to avoid further damage (such as limiting the manoeuvring loads), and the aircraft may be landed safely for remedial treatment.
A large variety of sensors exist for the detection of structural damage in-situ. Fibre optic sensors, and in particular, Bragg grating strain sensors, have attracted significant interest for structural health monitoring applications 3 . They offer advantages including small physical size, ease of embedment in composite structures, immunity to electromagnetic interference and excellent multiplexing capabilities. Various researchers have shown that strain in the damaged region of a structure under load is different to that in the healthy state, and this can be detected by Bragg grating sensors. This paper describes a strain-based health monitoring technique for composite bonded repairs using Bragg grating sensors. Finite element analyses were performed to examine the strain sensitivity to disbonds in critical regions of the patch repair, and hence determine the optimum sensor locations. An experimental study was conducted to validate the numerical findings. An intensity-based detection technique using matching Bragg gratings is presented, which greatly simplifies sensor interrogation.
COMPOSITE BONDED REPAIR
A two sided doubler repair is considered here, as shown in Figure 1 . The parent structure is a carbon/epoxy plate with dimensions of 150 mm x 100 mm x 3.2 mm. A quasi-isotropic lay-up was adopted, using Cycom 970/T300 prepreg tape, with a stacking sequence of [45 0 -45 90] 2s . A 30 mm hole was created in the middle of the plate to simulate damage. Two patches, one on each side of the plate, were attached over the damage. This was necessary to prevent bending of the plate under in-plane loading if only one side of the plate was repaired. The thickness of the patch was half that of the parent structure, with a stacking sequence of [45 0 -45 90] s . The total length of the patch was 74 mm with a taper angle of approximately 5° (taper length of 12 mm) at each end in order to reduce peak stresses. The hole in the parent structure was filled with neat resin to provide through-thickness support for the external patches, but otherwise had negligible inplane load carrying capacity due to its significantly lower stiffness compared to the surrounding composite material. A 3D finite element model was created in PATRAN using solid brick and wedge elements with orthotropic material properties for the composite components, and isotropic properties for the neat resin. The material data are given in Table  1 . Disbonds were implemented by disconnecting elements in the affected area. In-plane tension was applied using a uniform displacement (0.5 mm) along one edge of the structure while the other edge was constrained in all degrees of freedom, as shown in Figure 2 . Non-linear gap elements were not used in the crack lines as crack closure was not anticipated under this type of loading. A NASTRAN linear static solver was used to compute strain at various locations for the purpose of damage detection.
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FINITE ELEMENT ANALYSIS
The effect of disbond on the strain distribution was investigated using the finite element model. Four disbond sizes were examined, with lengths of 3 mm, 6 mm, 9mm and 12 mm, as shown in Figure 3 . The largest disbond implemented covered the entire length of the tapered section. The longitudinal strain distribution along the surface of the external doubler (not including the tapered section) along the centreline of the patch is shown in Figure 4a . It is apparent that the presence of a disbond had a significant effect on the surface strain distribution due to the severed load path. However, this effect is highly localised to the disbond region. It can be seen that if location A (2 mm from the taper edge, as shown in Figures 3 and 4) is chosen as the point of strain interrogation, a disbond length of less than 9 mm cannot be reliably detected. If a smaller disbond detection capability is required, the sensing location must be moved closer to the damage (i.e. into the tapered section). The effect of farfield load bypass as a result of the damage appears to be too small to be discernable in actual measurement.
The longitudinal bondline strain distribution along the centreline of the patch is shown in Figure 4b . The disbond can again be seen to have a localised effect on the strain distribution. At interrogation point A, the bondline longitudinal strain appears to be unaffected by the disbond, and the strain level remains similar to that on the surface of the patch (at interrogation point A) in the undamaged state. Hence, this may be used as the reference strain for the purpose of damage identification. It is important to note that if the reference sensor is positioned on or near the same plane as that of the damage, then the sensing location must be chosen such that the disbond must be close (within 5 mm) to the sensor at its critical (warning triggering) length without having propagated past it. This is because it has been shown that the growth of a disbond past a Bragg grating strain sensor in the same plane significantly altered the reflection profile, which would render it unsuitable for use as a reference sensor 4 . In this study, interrogation point A may be used to detect disbond damage up 12 mm in length.
A strain differential technique may be used for the detection of disbonds in composite patches. If two sensors are installed at interrogation point A, one on the surface of the patch and the other in the bondline, the difference in strain between the two sensors may be used for the health assessment of the repair. The finite element analysis has indicated that the strain differential is a function of the length of the disbond. As the disbond length increases, more load is shed from the surface of the patch, resulting in a lower measured strain. Since the bondline strain remains relatively unchanged, the difference in strain between the two can be expected to increase as the disbond length increases. Naturally, this strain difference will also be a function of the applied load. As will be shown later in the paper, the advantage of the strain differential technique is that when using Bragg gratings as the strain sensors, the subtraction of strains can be achieved optically by using matching gratings which significantly simplifies the interrogation procedure 
EXPERIMENTAL STUDY
An experimental study was conducted to validate the finite element results. The test specimens were manufactured using carbon/epoxy (Cycom 970/T300) prepreg material with a stacking sequence of [45 0 -45 90] 2s . The parent structures and the taper patches were made separately. Araldite ® 2011 epoxy adhesive was used to bond the patches to the parent structures, and to fill the central holes. Artificial disbonds were incorporated in the bondlines of the external patches using thin Teflon inserts with a thickness of approximate 40 microns. Only 2 disbond lengths, 9 mm and 12 mm, were examined, since the finite element analysis showed that smaller disbond lengths had a negligible effect on the strain at interrogation point A. Bragg grating sensors were installed at interrogation point A on both the surface and the bondline of the patch. Each pair of Bragg gratings had the same reflection profile (i.e. matched) so that the difference in strain could be converted into an intensity signal by feeding the reflection of one grating into the other and interrogating the transmitted signal of the second grating 6 . The surface sensors were bonded to the specimens using Hysol EA9320NA epoxy adhesive. The optical fibres containing Bragg grating sensors were fusion spliced to connectorised fibre optic cables for ease of interrogation. An Instron 1185 test machine was used to load the specimens non-destructively up to a maximum load of 20 kN in 10 kN intervals. However, in order to fit the specimens into the 50 mm wide grips, the ends of the specimen were reduced as shown in Figure 5 . A photograph of the experimental set-up is shown in Figure 6 . 
EXPERIMENTAL RESULTS AND DISCUSSIONS

Spectroscopic Results
An optical spectrum analyser (OSA) was used to obtain the complete spectroscopic response of the Bragg grating sensors. The reflection profiles of the surface mounted and bondline embedded gratings are shown in Figure 7 . Figure 7a shows the reflection spectra at zero load and Figure 7b shows the grating responses at the load of 20 kN. The small amount of mismatch at zero load may be attributed to the slight inconsistency in the hand tensioning of the optical fibres during installation. However, it can be seen that the difference in strain between the two sensors remained small throughout.
Conversely, the presence of a disbond had a significant effect on the grating response. This can be seen in Figure 8 . Figure 8a shows the reflection spectra of the gratings installed in the specimen with a 9 mm disbond at zero load, and Figure 8b shows the grating responses at a load of 20 kN. It can be seen that the gratings were initially matched at zero load, however, the strain difference increased significantly as load was increased, indicated by the relative movement of the two gratings. The actual strains measured by the gratings may be calculated using the conversion factor of 1.14 pm/µε 7 . As the tests were conducted under temperature-controlled laboratory conditions, the effect of temperature variations on the grating response is assumed to be negligible. A comparison of the strain differential between the finite element calculations and the experimental measurements is shown in Figure 9 . Good agreement between the theoretical and experimental results can be seen. The small discrepancies may be attributed to the differences in specimen geometry and boundary conditions between the model and the test specimens. Evidently, the strain differential technique is effective in the detection of disbonds in composite patch repairs. 
Intensity Modulation
With the use of matching gratings, the relative shift in spectral response between the two sensors can be converted into an intensity-modulated signal which greatly simplifies the interrogation procedure. In this study, the reflected signal of the bondline sensor was used as the input for the surface mounted sensor, and the transmitted signal of the latter was monitored as shown schematically in Figure 10 . If the strain differential is small, the transmitted signal of the second grating will be low in intensity since all of the input will be reflected. However, as the strain differential (mismatch) increases, more of the input signal will be transmitted instead of being reflected, causing an increase in intensity. The conversion of the spectroscopic signal into an intensity-based output allows the use of a relatively inexpensive and compact photodiode to be used for sensor interrogation, eliminating the need for an OSA which is typically large, slow and expensive. However, for the purpose of this study, the intensity-modulated signals were captured using an OSA and the intensity measurements were subsequently calculated by computing the area under the intensity vs wavelength graph for a given bandwidth. The intensity signal of the undamaged specimen is shown in Figure 11a . It can be seen that although the response shifted in wavelength as the load increased, the change in total area under the graph was relatively small. On the other hand, for the specimen with a 9 mm disbond, the area under the coupled-grating response increased appreciably as the applied load increased, as shown in Figure 11b . The intensities of the signals were calculated by computing the areas under the graphs. The values were subsequently normalised against the zero load intensity for each specimen, and plotted against the disbond length in Figure 12 . It becomes immediately obvious that the intensity of the coupled grating output for the specimens with disbonds increases manyfold as the structure is loaded, and that the increase in intensity is both a function of the disbond length and applied load. 
Threat Factor
The strain differential (spectral interrogation) or the intensity output of the coupled matching gratings can be used to determine the health of the composite repair. However, the length of the disbond cannot be determined unless the structural loading is known, because both the strain differential and converted intensity measurement are functions of the disbond length and applied load, as shown in Figures 9 & 12. As structural loading is often very difficult to determine precisely in real life, this renders damage sizing a somewhat challenging proposition.
Fortunately, this problem is significantly mitigated because both disbond size and structural loading have a positive effect on the sensor output -the intensity measurement (or strain differential) appears to be a function of the product of the two. It is also logical to assume that the critical disbond length is itself an inverse function of structural loading, that whilst damage of a certain size may be tolerable at low load, the tolerable damage size will be much smaller if the applied load is increased. Hence, the authors introduce here an alternate concept, termed the "threat factor", to describe the health of the structure. The threat factor is simply a function of the product of the damage size and applied load, represented by either the strain differential or the output intensity of the coupled matching grating set-up.
For example, if a threat factor of 2.5 times the normalised output intensity is set as the threshold, the system can be expected to provide damage warning when the disbond length reaches 10 mm under a load of 10 kN based on the results in Figure 12 . Alternatively, if the applied load is 20 kN, the system can be expected to provide damage warning when the disbond length reaches 7 mm. The system considers the two damage-load combinations to have same threat factor because they produce the same sensor output intensity.
It must be noted however, that the actual damage criticality of these two examples may not be equal. In future work it would be of great interest to validate the proposed threat factor concept by means of fracture mechanics. Nevertheless it is believed that a reasonable level of confidence is inherent in the technique and such a system possesses sufficient flexibility so that calibrations can be made to increase the accuracy of structural threat predictions. Perhaps this technique can provide a link between researchers in sensing technology and those devoted to the study of fracture mechanics and damage criticality so that a unified approach may be adopted for the assessment of structural health.
Other Considerations
As this study was conducted under controlled laboratory conditions, many factors which could affect the accuracy of the proposed technique were not considered. This includes the effect of temperature variations on the sensor response. In real applications, the different sensor locations may give rise to a temperature differential which must be properly compensated. Back reflections in the optical fibres may also occur in a real system which would significantly decrease the signal-to-noise ratio, particularly if the bandwidth of the light source is large. This may entail the use of spectral filters to reduce the input bandwidth. Variations in the intensity of the light source may also produce false threat factor measurements; however, this can be overcome by monitoring the intensity of the input and then calibrating the sensor output accordingly. Finally, the experimental work must be repeated using a photodiode as the interrogator to validate the effectiveness of the technique as it was intended.
CONCLUSION
A study has been presented on the health monitoring of composite bonded repairs using Bragg grating strain sensors. A finite element model was constructed incorporating disbonds of various sizes to determine the effect of the damage on the strain distributions. It has been shown that due to the severed load path, the surface strain near the disbond tip was significantly reduced while the bondline strain remained relatively unchanged. This strain differential was used to characterise the level of the damage. An experimental study was conducted which validated the theoretical results. A technique was introduced using matching Bragg gratings to convert the spectral response into an intensity-based output for convenient interrogation. A novel concept, called the "threat factor", was introduced to describe the structural condition, which is a function of the product of the disbond size and the applied loading. The effectiveness of the technique has been demonstrated, although further research is required to create a robust system.
